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I. INTRODUCTIGN 


MeIeTe Van de Graaff ganerators have been used extensively 
over the past few years to obtain precise informatio on the 
nuclear energy levels of various light. and intermediate nuclei. 
These accelerators, when coupled with magnetic monentun 
analyzers and magnetic spectrographs, provide data of a 
high degree of accuracy and resolution. The concentration 
of effort has been on light nuclei, where it is felt that 
the relatively few nucleons should lend themselves to a de~ 
teiled treatment of nuclear forces, particularly if some of 
them can be grouped into closed shells. The auergence of 
isobaric polyad structure has supported the idea of charge 
independence of nuclear forces, but, to date, only limited 
success has been achieved in the formulation of « theory 
of nuclear forces. 

The completion of a new accelerator, designated the 
MIT-ONR Yan de Grasff gmerator, sbout two years ago extended 
the available bombarding energy from 2.0 Mev to 8.5 Mev 
and opened up the possibility of accurate measurements 
of the energy levels of hesvy nuclei. Two specific problems 
dealing with neturelly mono~isotopic nuclei were suggested 
to the suthors by Dr. W. W. Buechners 
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(1) The apparent 0.4 Mev discrepancy in the following 


eyale” of ground state Q-values and decay energies which 


would most logically be attributed” to an incorrect assignment 


210 206 207 208 
. , P ’ 


of the ground state of Bi Po, Pb b Po; 


mn”? ni? po, and, 

(2) The indeterminancy of the location of the ground 
state of oo” in reletion to the excited states of oo as 
given by Bartholomew and Kinsey,” and the questionable 
spin assignments of the ground and first excited states of 
this nucleus.” 

While the first problem was not solved because of a 
temporary reduction in the maximum attainable voltage with 


the MIT-ONR generator, tentative results were promising. 
In pursuing the pi 9 (4, p) pi? reaction, preliminary 
results with a bombarding energy of & Mev indicated that 
previously reported proton groups corresponding to the | 
exeited states of Bi” could be reselved, and the question 
of the ground state might well be answered by this approach. 
Investigation of the second problem did not require such 
a high bombarding energy. The most reliable source of 


information on energy levels in co™ 


lies in the (n, x) 
work of Bertholonew and Kinsey. While their results indicate 
relative positions of the excited states, they cannot deter- 


wine whether their lowest state is attributable to the actual 
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ground state or to the well-known mtastable state at 

52.9 + 5 lew.» Previous Co0(d,p) analyses, by Bateson and 
Pollard®, Hoesterey?, and Harvey), had resulted in ground 
state assicnemmts in which the ground and first excited 
states were not resolved. This earlier work had been done 
with cyclotron deuterons and aluwrinum foils, and was, by its 
nature, of moderate accuracy and poor resolution. 

The question of the spin assignments of the ground and 
first excited states was broucht up recently ty the discovery 
of a new beta-ray from the ground state of 00% to the first 
excited state of W160 as is shown in Picure 1. Keister and 
Schmidt! were led by the shape of the Mure plot of this beta 
to the spin and parity aseicnments of + and 1+ to the ground 
ani mtastable states of 90, respectively, in contrast to 
the generally accented values of 5+ and 2+. These new assign~ 
nents, however, cannot he reconciled with the lack of beta 
decay from the first excited state af 00% to the ground state 
of 119, This question micht have been resolved by using the 
rotatable mametic spectrograph currently wmder develonrent for 
use in confunction with the MTT-ONR cencrator. The angular 
distribution of the protons and, from Butler's theory’, 
the orbital anguler momentum of the captured neutrons 
might have led to wnanbienous spin aesicnments, as is 
outlined in Amendix A. Unfortumtely, the new spectro- 
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Figure | 


ENERGY LEVEL DIAGRAM SHOWING 
DECAY SCHEME OF Co®° 


ee 


graph was not completed in time to include such an analysis 
in this work. 

The problem, then, was to determine the Q-value of the 
0059(d,p)co® reaction to the ground state of Co, with a 
secondary purpose of checking the levels of excitation against 
those previously seen, particularly those levels about which 
Bartholomew and Kinsey were in doubt. 
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Ile DESCRIPTION OF APPARATUS AND TARGET PREPARATION 


A. APPARATUS 

The MIT-ONR Ven de Graaff generator, used as the source 
of deuterons for the Co””(d,p)ce™ reaction, is shown schenatically 
in Figure 2, Its salient features include a pressurise’ tank 
designed for 400 psi, two 18 foot accelerating tubes (of 
one-inch-thick glass), « string controlled RF ion source 
@apable of ionising hydrogen, deuterium, or heliwmm, a focus 
voltage supply capable of providing 4-10 kv, and s controlled 
corona discharge grid. The deuteron beam is deflected through 
90° by an analysing magnet, after which it strikes the target 
in the spectrograph (Figure 3). 

The energy of the deuteron beam is defined and ean- 
trolled by meene of a one am slit % am above the analysing 
magnet and a 1/2 m slit 125 em beyond the snalysing magnet, 
A given magnetic field in the analyser determines the momentum 
of a charged particle which will pass through the slit 
system. The difference between the currents to the upper 
and lower exit slits is amplified end this signal is used te 
eentrol the voltage in the corama discharge grid, thus 
providing terminal voltege contrel. This control is satis- 
factory for terminal voltages dow to about 4.5 Kev. The 
analyzing magnet can be rotated about « vertics] exis so as 
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to deflect particles either to a fixed, 140° focusing magnetic 
spectrograph, whieh observes reaction products only at 90° 
from the incident beam, or to the new rotetsble spectrograph. 
Only the fixed magnet was used in this work. 

The fixed magnetic spectrograph is fitted with entrance 
@lits to define the beam position md energy, and » Faraday 
bucket arrangement for meaguring beam current. The bottom 
of the annular magmet is slotted to aceept the incident 
particles. A detailed account of this spectrograph is 
given by strait.*° 

The charged partioles from the nuclear reaction which 
emerge in the acceptance angle of the spectrograph sre 
deflected with a radius proportional te thelr momentwa and 
recorded on 2 1" % 2" Hastman NTA nuclear track plate placed 
in a alot along the tep of the magnet. These track plates 
are positioned with their leng dimension vertical and with 
the normal to the emilsion at about 70° from the ineident 
perticles in a esrriage which can hold, snd pesition in 
turn, five such plates. A light, prim, and slit arrange- 
ment is availeble to “index the plates at a fixed vertical 
position. 

The magnetic fields in the enelyzing end spoetrographie 
magnets sre determined by « nuclear resonance technique, 
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utilising the known gyromagnetic ratio of the ui’ nucleus. 


Each magnet is equipped with a high frequency oscillator 
whese loading coil surrounds a capsule of « lithium salt 
solution placed in the field. In operation the oscillator 
is "sero-beated" with a secondary frequency standard and 
the current to the magnet is increased witil the oscillator 
output is decreased, indicating resonance. Resonance is 
observed by sweeping the field in the vicinity of the capsule 
with « weak 60 cycle field and displaying the detected output 
of the oseillster on the verticel aweep of an ovsilleseepe 
which is svept in the horizontal direction with this seme 
60 ecyele signal. When resonance is achieved the oscilletor 
will be loaded twice a eycle with an anguler displacesent 
of 160° , and the two depressions on the scope face will 
be opposite each other. As the field currmt drifte from 
the correct value, the angular separation of the twe de- 
pressions (loadings) will decrease, indicating that mag- 
netic resonance is occurring only near the upper or lower 
variation of the sweep field. A phase contre] permits 
setting « variable phase between the 60 cycle sweep sig- 
nal and the detected oscillator output, 20 that the tve 
depressions may be superimposed. The magnet current is 
adjusted so that signals remain displaced by 180° as the 
sweep current is mede venishingly small. The error intro- 
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duced by virtue of the fact that the two depressions ere not 
exactly 120° epert can best be estimated by varying the 
signals as « function of sero-beat frequency. When this is 
done it seems that the sensitivity of the visual signe] is 
about .5 ke at a frequency of 19.0 mc. The sero-beat fre- 
quency itself, on « reesonably cereful run, is kept below 
1 ke, 90 that the reproducibility of the magnetic field at 
the cepsule is in error by about one pert in 20,000 (1320,000). 

The known gyro-magnetic ratio of the lithium nucleus is 
used to determine the magnetic field, sssumed to be the 
effective field experienced by the charged particles. This 
assumption, which may be in error by perhaps .1%,leads to e 
very amall error in measured momenta, es is seen below. The 
diameter of the trajectory in the spectrograph from the 
target apot to the index is determine’ by use of « polonium 
coated wire at the target position. The SR of polonium 
alphas ie 331.584 4 .02% kilogauss-an.'" The wire to beam 
spacing is measured with a microscope to 4.05 om, end is 
Very sali compared to the diameter. The fractional error 
in magnetic field, 48/8, yields a fractional error, 
an,/R, =-d8/B in the measured radius of the path from 
polonium wire to the alphs tracks on the emulsion, where 
Rg = radius of trajectory of alpha particles. 

in measuring momenta of charged particles from nuclear 
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reactions, the orror introduced is then BAR - AGB Ss 
-dBA, = RAB = dB(-R, - 2), where R = radius of the 
trajectory of these particles. We have assumed thet 45/3 
is constant and that aR, = aR. 

The everage radius is 35 a» and the useable portion of 
the enuleion is 3.5 am, so that the meximus difference 
(R= R,) is .9 om, or 2.5%. The total error due to non- 
wniformity of the magnetic field is then lease than 1 part in 
4,000, It is seen that a 0.1% error in the value of the 
magnetic moment of the lithium nucleus would lead to am 
equally negligible error. The validity of the assumption of 
@ constant 48/8 may be questioned at high fields (because of 
the sir gaps «nd eaturation) and this may secount for o 
suspected decrease in accuragy for fields over 13 kilegeuss. 


Be TARGET PREPARATION 

Thin targets, when bombarded by charged particles, 
yield the advantage of a sharp group cf reactieon products, 
inasmuch ee the degradation of the energy of the incident 
particles is slight. A ccumen method of preparing thin 
metallic targets is by the evaporation in a high vacuws of the 
desired metal onto a thin (~1000u) Pormver film This 
method beeomes difficult with high beiling point metals, and 
in spite of the adoption of the method used by Schwager and 
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cox?” te evaporate venadium, only « limited success was 
realised with cobalt. The extreme boiling tempersture 
(approxinetely 9000%C) caused all those Formvar backings 
which survived to be extremely brittle, and the explesive 
nature of the boiling riddled the targets with epajl holes. 
Costing the reverse side of the Formvar with gold did not help 
te any extent. The maximum thicimess of cobalt successfully 
evaporated in this fashion was something less than one-half 
that required to make a microscope slide opaque te sunlight. 
These targets, when exposed to deuteron beams of reasonably 
long exposures, yielded proton groups too weak to reduce the 
statistical fluctuations to an acceptable value. Recourse 
was then had to scceptable platinum backed targets. A sheet 
of pletinwe about 5 mils thick wes carefully clesned with 
hydrochloric seid end exposed in « vacuum to vaporised 
Cobalt. Two one-fourth inch carbon electrodes were mounted 
vertically, with the lower red hollowed out to hold e small 
piece of cobalt and necked dow immediately below te perhaps 
qme-tenth ite criginal srea, and the upper rod sharpmed to 
® dull point and pressed dow om the cobalt. The platinm 
was placed much closer than the Formvar hed been, and a 
costing equal te thet which was just greater than opague 
te sunlight om « microscopic slide wes achieved efter | 
several evaporations.. It may be wondered whether the 
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sputtering which previously plerced the Formvar did not 
spatter the platinum in a random fashion, and such may 
indeed have been the case, although no evidence of this was 
seen in the results. 

These targets were fixed to small rods and, for bom 
bardment, mounted on a target wheel located just below the 
slot in the spectrographic magnet. Seven such targets could 
be mounted on the wheel and any one could then be rotated 
inte the besm without breaking the vacuum. The targets 
were placed so that their normals were et approximately 
50° to the ineident beam end 40° to the annular chamber. 
When solid targets were used, the beam current integrator, 
developed by mnge,?? was connected to the target wheel 
rather than to the Faraday bucket. 
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III. EXPERIMENTAL PROCIDURE 


In the process of identifying and measuring the proton 
groups from cobalt, the first step was to bombard a Pormvar- 
backed target with protons and analyze the elastically 
scattered proton groups for the mass of the seattering 
nuclei in order to determine the contaminants. for scattering 
at 90° from a target initially st rest, we get, non- 
relativistically, 


ns ante + Rp where m, sproton mass. 


iin-B 

i» the energy out, is measured by recording the density 
of proton tracks per one-half m (measured radially) slong 
the nuclear track plate, to within .04 mm as the plate is 
traversed in a vernier-calibrated microscope stage. Protons, 
deuterons, and alpha tracks cen be distinguished by their 
length and density of ionization. The index is recorded to 
the nearest .02 mm. The points then obtained sre graphed, 
a curve is faired through then, and the position of the third 
height is noted. This position has been found to give the 
most reproducible results, regardless of peak intensity or 
target thickness, and the index to third height differences, 
when measured with different microscopes, have been found to 
have a probable error of about .15 mm. This distance is then 
subtracted from the index to beam distance, as measured by the 
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polonium alphas, and the result halved to get the radius. The 
magnetic field is taken as « fixed constant multiplied by the 
frequency of the oscillator and, as seen before, this should 
introduce no significant error. The product of radius and 
magnetic field, BR, is then converted te proton mergy by 
means of an extensive table calculated from 

Ey = 4.7898 x 107 (gry? o 1.223 x 107*4(3n) 

Ey,» the energy in, ie determined from elastically 


4 


scattered particles from a known mass such as Co”, or 01, 
Figure 4 presents « graphic mass analysis, with the most 
probable contaminants indicated. 

The first known excited state’ of Co*” is 1.10 Mew, 
from which level the inelastic protons would have insufficient 
energy to appear in Figure 4. Those mass numbers between & 
and 80 are not separated from the Co” peak. It is seen that 
wa??, ng@4, 53%, 2195 ana x” are present. A spectro- 
Gheuical anelysis of the cobalt pellets indicated the following 


contaminantss 
Wis 10% to .1% 
Mg and Ous 1% to .01% 
Ga, Fe, and Mns olZ% to .001% 


Ag, Al, B, Ba, Gr, Si, and Zn; less than .01% 
The sodium, potassium, end sulphur, seen in the mass 
analysis of a Formvar target, probably originate in the Formvar 
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80 


Number of Protons / + mm of Diameter 


40 


20 


ELASTIC PROTONS FROM 
FORMVAR TARGET. Ep =5.2Mev 


Mass numbers of contaminants 
are as indicated. 


310 320 
BR Kilogauss - cm. 


Figure 4 
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backing, end hence should not contribute protem groupe in 
the bombardment of the platinum-backed targets. Groups 
from the platinum itself, if present, should be very broad, 
because of the thickness of the backing. 

Formyar tergets coated with cobalt were then bombarded 
with 5.0 Mev deuterons and the resultant proton groups vere 
plotted. At each current setting of the spectrograph, the 
target was exposed to fron 150 to 400 microcoulenbs of 
deuterons, requiring from one te four hours per plate. The 
spectrograph field was ehanged in stepe so as to cover un 


eppreciable range of momentum, with the steps so arrenged that 


the graphs from adjacent plates overlapped, With each set 
of plates at least me elastic wes taken to calibrate the 
input mergy. The ground and netasteble states and sae 
excited states were evident, but the yield was se low 

(a waximum of 36 counts per 1/2 mm for the groumd state, for 
exenmple,) that the stetistices were poor, and weak peaks vere 
entirely obseured. This was repeated for a portion of the 
spectrum with a bombarding energy of 5.8 Mev, but the resulte 
were no better. 

Next the platinum-backed tergets were bombarded at 
energies of 5.0 and 5.8 Nev. The input mergy for each 
set of plates wes again determined with at least one elastic 
group from a Formvar target and each exposure was of 600 
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microcoulombe duration. Yecause of the intense deuteron 
beckgroumd from single anid miltiple seattering from the 
platinum backing, it was necessary to cover the plates with 
aluminum foil of sufficient thickness to stop the dewterons. 
The result of the plot of protons versus BR, covering the 
ground and first excited stetes, is shown in Mgure 5. 

A typical plate ot higher excitation showing the increase 
in density of levels, is shown in Pigure 6. Figure 7 ie 

@ plot of the proton groups from the ground state to an 
excitation of h.8 Mev with By, the deuteron bombarding 
energy, equal to 5.0 Mev. 

In computing the momentum of a group of particles, 
the peak is replotted with abscissa expanded by a factor 
of 20. 

A sample caleuletion, taken from plate 2TV follows: 


Abscissa of index 11.0)0 em 
Minus abscissa of 1/3 height of peak 257) 
4 1.503 em 
Measured beam to index distance 71.757 om 
& 1.503 __ 
Diameter of proton trajectory | 70.25) om 


Radius of proton trajectory = 202258 . 35.127 em. 
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Figure 5 
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Plate 134 x 


Exposure #600 p Coul. 
Ep 5.0 Mev 


Platinum-backed Cobalt target 
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Figure 6 
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Frequency of spectrographic menet fluxmeter = 21.300 m. 


21-300 me 


= 12.873 kilogauss 


BR e 12.873 x 35.127 s hS2.197 kilogauss-cm. 
From BR tables 


Eq = 9e73k70 (BR = 52 kilogauss-cm) 
is (interpolation) 
97315 Nev 

Bin * 552k 


q = ea Me) ee > 5) - 
Mp Mp 


1.10168 x 9-732 - 0.9660 x 5.82h0 s 4.2785 Mev 


where M. = co « 59.936) amu 

Mo = Pp * 1.00759 am 

Mm; = d = 2.0119 am. 

Relativistic correction = +1.1 kev. This relativistic 
correction came about by virtue of the fact that the Q- 
equation was derived for the nonrelativistic case. 

The equation is 
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Finally, runs were mde at 3.0 Mev to attempt to m- 
cover the region obsewred at 5.0 Mev by the intense carbon 
and oxygen peaks, and to repeat the masurement of the ground 
state Q-value. This was accowplished by holding the gene- 
rator at 6 Ybv and deflecting singly charged deuteriua 
molecules. In a muclear reaction the chemical binding 
energy of the molecule is negligible, each nucleus taking 
half the energy. The coulomb barrier, which is 6.6 lev 
for compound nucleus formation, must have effectively 
reduced the (d,p) reaction probability at the energy, 
however, as only a negligible yield resulted. 

Tn analysing the results there are three ways to 
identify the residual nucleus of a reaction group. The 
first is to vary the composition of the target and note 
the corresponding variations in peak intensities. This 
was not intentionally done. The second is to mitch peaks 
with previously determined Q-value of Imown contaminants, 
and the third is by means of an energy shift. It is seen 
from the formula for £,, 


es ka Q, where M, is the mes of 


the residual nucleus, thet the energy (and hence momentum) 
of a peak is a function of M,. The output energy of a group 
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from Ca!!l, for example, will shift 15 kev leas per .§ Mev 
shift in input energy than that of a group from 60°, 
Similarly a group from Br® will shift 10 kev more per .8 
Mev shift in Bin. 

The known groups from carbon and axygen were identified. 
A emll peak between groups 10 and 11 at 5.0 Mev bombarding 
energy which was not reproduced at 5.8 Mev mtches a known 
vg2h(a,p) group to within experimental error. Other imown 
magnesium groups can be fitted, but not uniquely. The first 
excited level of Wi99, seen in Kinsey's (n, y) work, should 
lie just above the ground state of Co at a bombarding 
energy of 520 lev, but wae not seen. A structure on the low 
energy side of group 6 might be attributed to another group 
in Mi. All other groups of at least 50 counts per 1/2 ma 
of diameter yielded “-values agreeing at the two input ener 
gies to within 12 kev when assigned te Co, 

Above an excitation of 5 Mev, the proton background 
became large and widely variant between plates. This was 
thought to be due to a background of deuterons penetrating 
the foil by virtue of being deflected toward the norml 
to the foil. Bvt it was shown that their range in the 
emilsion, even after passing through the foil at right angles, 
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was vanishingly small, and increesing the thickness of the 
foil only blocked out all protons. These plates were fur~ 
ther confused by the appearanes of proten tracks of 41] 
lengths up to the mexdmum expected. The reagon for this 
high background may be Closelyeapaced, overlapping levels in 
co™, or it may be free the platinum backing, Lack of time 
prevented 2 controlled rum on « bare pletinwm target. In 
the course of the experiment about 68 plates were expoacd. 
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IV. RESULTS AND CONCLUSIONS 


A. FPROBARLE ERROR, 

An estimate of the probable error in @values is gotten 
by examining the aystem of measurenents and assigning probeble 
systematic and random errors. 

The rendas errors considered ares 

(1) the spread in 58 resulting from finite slit widths, 

(2) the spread in energy of exerging particles due to 

the variable thickness of cobalt the incident and 
reaction particles must penetrate, 

(3) the finite width of the bean, 

(4) the aberration of the 180° focusing magnet, 

(5) the finite “reaction” angle subtended by the 

photographic plate, and 

(6) small adjustments of the magnet currents neceasary 

te keep the flux meter signal at the balanced 
position. 

3f enc semmes mn entrance slit width to the deflecting 
magnet of 1 mm, wm: exit slit width ef 1 mm, and collimation 
of the entering and exit particles, one ean make am order of 
magnitude estimate of the epresd in BR of the malyzad particles 


vs 


7] Re Ta. Dea haepae a ‘guatenatass r @ka neoena e¥r 


‘a . \} he 7 ‘.) i ie fe Advis. te 
HS ORR, © OS iS Ma, (is INI 
i t € - oy) ’ ¥ 


, ee ee a Py Sati tie be, By glia) Hi Hea a gins ‘gt a ap toon 


or a idl. otra qonitete wah, RASS Het. dno thle id 
ite heteolass seri aabas a 


velo soutod sachs Lp a oe ae oe : a 


oon wba | | 
tere hacphrcrhiredng 


scidoe fab ait of dihiy #ils wooden te somes om 9” 

eobteabSioe Son yon {Xo Atbhy Sita fixe ms yan I 20 Soagee 

to webue as sain axe sao enintiuag tims han galvodas alt Yo 
cvtntteag Unuciam act Ye ft at beens sls to vival het tngen 


o§ 


as dR/R = 5/600 = .008. The energy loss ine thin, Formvar- 
backed target is estimated as 10 kev, yielding a fractional 
gpread in "Rf of .0005. The width of the line on the target 
was measured as 0.7 mn, or dR/R = .7/2 x 350 = 001. The 
focusing action of the 180° menet gives a fractional second 
order spread of the order of 2(1 - cos 0) = 2 4/2. 9 is 
estimated as (2.5/2)/(35 w/2), and dR/R = .0005. It has been 
estimted that” the plate subtends an angle of 90° + 1/3° 
from the beam line on the target. 


dB = 2/CRNEAE,) d sin O/(M, + hy), and 


aB/E = 2 x 2 (2. n/180)/18 = .0013 


for deuterons scattered from oxygen. This corresponds to dR/R = 
20006. The two frequency settings each contribute errors of 
about 1:15,000, or dR/R = .00007. If we now take the square 
root of the sum of the squares of these estimted deviations 
and call this a gross approximtion to o , the standard devi-~ 
ation, we get o (BR)/SR = 1.6 x 1073 as shown in Table I. 

If the deuteron elastic of plate 22¥ is fitted to a 
normal distribution, o (BR)/3R = .065/70 = .9 x 1073. This 
agreement is as good as could be expected, considering the 
approximations mde. A similar value for o (BR) is masured 
on well-developed cobalt (d,p) peaks. 
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RANDOM EARORS 
Meguitude of 
Source Brror o (aR) /3R 
Honentyws spread of incident particles {008 
lhergy loss in cobalt «0005 
Width ef line an target e001 
Aberretion in 190° focusing magnet 20005 
Angle ef obvervation 22006 
Deviations of B field 20007 


VE oi /an 21.6 x 1073 


TABLE f 
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We do not actually have a Gaussian distribution, and 
it is the leading edge, not the mean, in which we are inter~ 
ested. If, nevertheless, we estimte the probable error as 
-67 o /Vi, Where n= 250 counts/peak, we get a random error 
of .67 x «9 x 1073/16 = 1125,000. This is about the preci- 
sion to which the position of the leading edge is recorded. 
The systematic errors are more important and harder 
to estimate. These include: 
(1) the calibration error of the polonium alpha groups, 
(2) the departure of the average peattertnn angle 


from 90°, 

(3) surface films on the platinum and Formvar-backed 
targets, 

(u) the uncertainty in the momentum of the polonium 
alphas, 


(5) ‘the error in recording index to emulsion track 
@istance in a given microscope, due to a cant of 
the plate in the microscope, 

(6) errors in the msses of the nuclei involved, and 

(7) errors in the fundamental constants, ¢ and c. 
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The beam to index distance, as determined from the 
positions of polonium alpha grouns, is deduced from the aver~ 
age of several groups, each croup having been averaged in 
several microscopes. Two such measurements were taken during 
the course of this experiment and the reproducibility, 1:27 ,000, 
may be taken as a measure of the error. 

The departure of the scattering angle from 90° can, in 
principle, be masured by noting the encrgy of the slastics 
from two nuclides with a common bombarding energy, but surface 
films confuse the results unless widely different nuclides, 
such as gold and lithium, are used. A recent calibration of 
this type has not been mde, but the general consistency of 
results in the laboratory leads to the belief that this angle 
is not greater than 20 minutes, which, as has been seen, leads 
to an error of about 6.5 kev in the calibration of 5 Mev 
deuterons from oxygen. In computing the © of the ground 
state of Co this is balanced by a term 


$y (F,000 x 10,000 x 12)2/2 sin 9 = 2 kev 


so that the probable error, taken as half the “limit of error", 
is 2 kev. 

The surface film, which was due primarily to an acewm- 
lation of carbon on the face of the target, has been estimated 
in other experiments to be from 5 to 20 kev thick. This would 
presumably affect the long-bombarded platinumbacied targets 
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more than the short elastics from the Formvar targets. Dut 
in this case a positive correction would be applied to the 
Eo of the ground state Co?(d,p) reaction, increasing the 
measured «, whereas our \value is already 20 kev greater 
than that of lartholomw and Kinsey. A probable error of 
5 ev is arbitrarily adopted. 

The wrertainty in momentum of the polonium alphas is 
1s5,000, or 132,500 in energy. Experience indicates that 
the probable error in reading a plate once on 4 microscope 
is 035 mn/700 mm = 115,000 in BR, or 122,500 in energy. 
Errors in nuclear messes ard fundamental constants are neg- 
ligible as compared with the above. 

The total probable error in the determination of the 
growxi state (value from one oxygen elastic ani one (d,p) 
reaction is, then, the combination of the randomicity of the 
two masurerents, the counting error of the two masurements, 
the surface film error, the poloniwa calibration error, the 
poloniwn momentum error, and reaction angle error. A tabu- 
Jation of these errors is shown in Table II. The most im 
portant errors are those of film thickwss and counting 
uncertainty. 
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TABULATION OF PROBABLE ERRORS IN DETERMINATION 
OF G=-VALNE OF GROUND STATE 


M 
Source ye 

Random: 

Oxyren Elestie + 204 

Froten Group £ 016 
Systematics 

Counting error in elestie + 2.0 

Ceunting error in proton group + 40 

Surface film error + 560 

Poloriw: calibration error t-x% 

Polonium alpha mosentum error £2 

Reaction mgle error i2 

\ sz (ax)* == 74 kev 
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For less well-developed peaks the probable error is 
increased. The excitation energy errors for groups which 
are seen on the same plate as the ground state, or on an 
adjacent, overlapping plate, is mech less than the Q~value 
error, approaching 1 kev at low excitation. 


3. Results 

Three long exposures were mde to investigate the 
vicinity of the ground state of Co; one with a deuteron 
bombarding energy of 5.0 Mev against a Pormvar-backed tar~ 
get, one with a bombarding energy of 5.0 Mev against a 
platinumbacked target, ani the third with a bombarding 
energy of 5.8 l®v against the same solid-backed target. 
These three exposures resulted in G-values for the ground 
state which were within eleven kev of agreement. The 
gremd state Q-value determined in this work (Qp = 5-280 
+ 0.008 Mev) corresponds to the arithmetic mean of the two 
extreme values, and the spread corresponds to a laboratory 
nonreproducibility of about + 6 kev. The third value resulted 
from boxbardment of the thinly coated Formvar target and was 
of lower yield and poorer definition than the two others. All 
three exposures, however, clearly showed the separation of the 
60 kev metastable state; and the computed excitations of this 
level, as well as the other listed levels, were unmistakably 
reproduced on both major series of bombardments (those against 
the pletinumbacked targets). 
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In each of the two major series of investigations 
(at Ey, = 500 Mev and at By, = 5.8 Mev), good agreement 
resulted for the relative positions of the lower states in 
comparison with the respective ground states. The first 
eleven states in each of the series agreed to within five 
kev of each other. These loser states were seen under con 
ditions which remined unchanged within each series, but 
which were different for each of the two series. The excep- 
tionally good agreement in excited states which resulted led 
to the use of the average of each of these excited states in 
determining the Q-values of these levels. These (-valves, 
then, are the difference of the average ground state Q-value, 
which was determined less accurately, and the precise exci- 
tation energies. For the higher excited states, there being 
no simple correspondence in excitation energies, the ¢~values 
of each level were determined by averaging the Q-values deter- 
mined at each bombarding energy. Also, at these higher exci-~ 
tations, the increased number of weak levels arising from 
both contaminants and Co™ itself mde resolution of the major 
peaks difficult. All levels attributed to Co, however, 
were in agreement to within 12 kev. Im som instances it 
was possible to resolve a complex peak such that, by subtract- 
ing a minor peak, agreement was attained with the correspond- 
ing peak as determined at 4 different bombarding energy. This 
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technique was used only when it seemed justified by an obviously 
smaller structure indicated on a mijor peake 

Table ITI 1s a summary of the “values, excitation ensr- 
gies, appropriate probable errors, and approximate relative 
yields of those attributed to energy levels in 009, 


C. COMPARISON WITH PREVIOUS RESULTS 

The ground-state G<value determined here, Q, = 5.280 
+ 0.008 Mev, is in fair agreement with the values 5.20 deter- 
mined by Bateson and Pollard®, S.hh + .2 determined by Harvey, 
and 5.31 determined by Hoesterey?. The more precise work of 
Bartholomew and Kinsey?, when the binding energy of the deuteron 
(2.226 Mev) is subtracted from their hichest energy gamma-ray, 
results in a Q of 5.260 + 0.006, a difference of 20 kev. 

Table IV compares the excitation energies from this work 
With those found by Bartholomew and Kinsey and by Bateson and 
Pollard. It is seen thet the excitation energies, particularly 
of the lower states are in excellent agreement. Tt is also of 
note that those low lying states of Bartholomew and Kinsey 
which stem from transitions indicated by strong homogeneous 
gamma-rays agree exeeptionally well. 


De CGONCLUSIONS 
The metastable state in Co” 59 kev above the ground 
state is nicely brought out by the present work, and it is 
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EXPSRIMSITAL RESULTS 


Peak @ (Hew) = (Kev) eeaaaie 
0 5.280 + .008 1.0 
1 52220 + .008 e060 + 003 06 
2 Mah & 2008 0786 $ 2003 °5 
5) 40895 ¢ .008 0445 + 2003 a4 
4 4.767 £ .008 513 + .003 5 
5 4e723 & 2069 «557 & 005 5 
6 | 4659 & .009 621 & .004 9 
7 4e 88 £ 2008 792 & 2003 i 
é 40268 & .008 1.012 & .003 1.0 
© 40043 & .009 1.237 t .005 “6 

10 3.886 & .009 1.994 £ 2004 8 
1 3.747 & O10 1.533 & .006 23 
12 3.617 £ .020 1.663 3 
13 3.455 + 020 1,825 1.5 
14 3.278 t O10 2,002 05 
15 2.061 o7 


30219 & 2010 


TABLE III 
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RAP ERIM EYTAL ESULTS 


Peak Q (hev) 
16 30126 + 2010 
17 2.988 + .010 
18 2.910 + 015 
19 2.665 + .010 
20 2,650 + .010 
2 2.489 ¢ .012 
22 2,409 & .015 
23 2,356 t .02 
24 2.242 + 012 
25 2.069 + .012 
26 1.971 £ 012 
27 1.054 ¢ 012 
28 0974 & .013 
29 0855 + .012 
30 2709 £ C15 


TABLE ITI (Continued) 
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COMPARISON OF EXCITED STATES OF Go (Kev) 
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TABIZ IV 
(Continued ) 
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clear that Bartholomew and Kinsey were measuring gamm-rays 
to the ground state of Co™, not to the mtastable state. 
They state? that, should this be the case, the intensity of 
gamme-rays to the metastable state is less than 10 percent of 
those to the cround state. 

As an explanation for this, it is noted that there is a 
resonance in the Co? neutron capture cross section at 123 ev, 
which state vresumbly influences the capture of thermal , 
neutrons if we make the reasonable assumption!> that the 
energy level specing here is of the order of tens of kilovolts. 
It is reasonable further to assum, then, that s-wave neutrons 
are captured into the (*) 7/2 ground state of C059 to form a 
h« state, and that electric dipole radiation to the 5+ ground 
state of Co? exceeds the mametic quadmmole radiation to 
the 2+ metastable state by 2 factor greater than 10. 

The level density as presented in Pigure 8 is, wfortu 
nately, not conclusive, as it is felt that in the region of 
excitation above 1 Mev there are som 0960 levels whose inten- 
sities are not sufficiently high uniquely to identify them as 
suche Above an excitation of .8 Mev, no useful informtion 
was obtained on level densities. A lover limit on level den- 
sities below this figure is set, however, and it is eneily seen 
by comparison with Rertholomew and Kinsey's gama spectra of 
iron and nickel that this odd-odd nucleus has a more complex 
spectrum than that of its even-odd neighbors. 
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A) THMDITE A 


Proposal. for the Determination of the Soin of Co” 


The secepted values’ of the opins and perities of the 


grownd end firct oxeited states of Go” are $¢ and 26, 
respeetively, The ships of » newly discovered bets tron the 
ground state of Go” to the first exeited etote of a 
leds Keister cml Seinidt’ to aveign volues of (+ ond lt 
respectively, to the cdove levels, although oush scsignsents 
cannot be reconciled with the leek of « bets decay Grea the 
fiwst exuited visto of Co” to tae ground state of mi, 

In order to sttempt to resolve tiis question it is 
gropese’ tint the new aagnetic sc .estroaeter be used to 
neagure the angwlor diotribution fron 6° te 120° of protons 
fron the Co°?(4,p)G0'"°S sovohion, utilizing Butler's? 
theory of sngulur distibutden so & function of the angulor 
ponents of the @sjtured acutroms 

The shell model und Sebuidt dingron coneur in assigning 


odd parkty to the grownd stete af Go” (1 = 7/2), co one 
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would expect the orbitel angular somentum of the neutron, 
ly @aptured in going to the first excited atate of oe to 
belor 3. If 1, were found to be 1 it would rule out the 
essignnent of 1- te the first extlted state of Co”, whereas 
if 1, = 3, both 1l~ and % are allowed states of this level. 
Using deuterons of 6.4 Mev energy in e.m.s. (6.4 x 61/99 © 
6.6 Mev in leboretery eystem) and an outgoing ¢.m.e. emergy 
of 604 ~ $623 = 11.63 Mev, it is clear from the figures 
im Butler's article that the differential cross-section for 
the reaction sould pesk at about 22° for 2, * 1, 30° for 
1, © 2, and 51° for 1, @ 3, all angles in em. 
In order to convert laboratory system angles to cemete 
one must adé to the measured angles, O , the quantity 
(6-6 ), vhere 


gin (6-8) = 
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